Luminescence modification of lanthanide ions has attracted great attention due to its applications in sensing, colorful display, information transmission and anti-counterfeiting. Traditional methods of tuning fluorescence typically employ tuning compositions that are not conducive to the development of multi-environment detection and anti-counterfeiting. In this study, lanthanide ions doped ferroelectric nanocomposite was exploited with external stimuli. The upconversion luminescence modification was preformed via both the thermal and electric fields. The anti-thermal quenching phenomenon was observed in the prepared nanocomposite, which could effectively enhance the upconversion luminescence of lanthanide ions. Based on the electromechanical softness of the ferroelectric lattice, exceptional luminescence modification was realized through electric polarization. The luminescence modifications by thermal and electric fields exhibited excellent reversibility and non-volatility. These results provide unique insights into the development of integrated stimulus responsive smart devices, colorful display and advanced multi-mode sensing materials.
INTRODUCTION
In recent years, the upconversion luminescent materials with lanthanide ions have drawn great attention due to their practical and promising applications in the areas of anti-counterfeiting, solid-state multicolor display and biomarker [1] [2] [3] [4] [5] [6] [7] [8] . Lanthanide ions doped fluorides and oxides with tunable luminescence have been extensively studied in many host materials. Those reports mainly focused on chemical methods such as tailoring the concentration of dopant or modulating the composition of host. However, it is difficult to separate pure crystal field transformation from internal effects in different samples such as chemical inhomogeneity and crystal defects. In addition, luminescence modification by chemical methods is generally irreversible and volatile, impeding the exploration of the dynamic physical processes of luminescence and the discovery of new photonics application. Hence, the utilization of external field to alter the internal crystal field around lanthanide ions is critical to the modification of emission. Specifically, some factors such as temperature and electric fields cause changes in the symmetry of crystal structure [9] [10] [11] [12] [13] [14] [15] [16] . In general, the probability of multi-phonon assisted nonradiative electron relaxation increases at elevated temperature, and the corresponding luminescence intensity weakens. In some current studies, Yb 3+ /Er 3+ (Tm 3+ or Ho 3+ ) doped fluoride nanocrystals have been reported with an attractive antithermal quenching phenomenon at higher temperatures. However, fluoride nanocrystals commonly exhibit low chemical and thermal stability, limiting their realistic applications. Therefore, investigation of the effect of antitemperature quenching in oxide composites is essential to the development of their applications. The thermal population plays a vital role in modifying the upconversion luminescence of lanthanide ions at elevated temperatures [17] [18] [19] .
On the other hand, the electric field can induce the symmetric transformation of the ferroelectric crystal structure, leading to the luminescence modification of lanthanide ions. For example, Hao's group [20] realized electrically enhanced photoluminescence in an epitaxial BaTiO 3 :Yb/Er thin film. Kwok's team [21] explored the tuning of luminescence by the electric field in the Eu 3+ doped 0.94Bi 0.5 Na 0.5 TiO 3 -0.06BaTiO 3 ceramics. The symmetry of the ferroelectric nanocrystal structure was attenuated by the electric field, which could induce the ligand field transformation around the dopant. It is attractive to explore the dynamic process of luminescence and to promote its application in optical sensors. The above described modifications of luminescence in the thermal and electric fields will potentially lead to the development of new luminescent materials with high thermal stability, high emission efficiency and multimode sensing functions.
The studies of luminescence modulation in different field environments provide practical examples of such materials being applied for reversible sensing. Typically, a suitable matrix material would have excellent optical properties and wide operating temperature range. As a promising host material for upconversion luminescence, ferroelectric oxide has attracted wide attention due to its high physicochemical stability and low phonon energy [22] [23] [24] . LiNbO 3 is a typical displacement type ferroelectric material with considerable remnant polarization, excellent piezoelectric, optoelectronic and nonlinear optical properties. At room temperature, the LiNbO 3 lattice structure belongs to the R3c space group, consisting of a Li-O triangular body and a Nb-O octahedron along the c-axis of the hexagonal unit. Lithium ions play a leading role in polarization behavior. The shift of the Li ions is relative to the triangular oxygen along the c-axis upward or downward, leading to polarization. The niobium ions migrate slightly in the octahedron, contributing additionally to the polarization behavior. When an electric field is applied, the Li/Nb-O bond is distorted, leading to the electromechanical softness of the LiNbO 3 lattice [25] [26] [27] . The excellent stability and versatility make the LiNbO 3 ferroelectric composite suitable for devices used in harsh thermal and electric field environments. Therefore, the LiNbO 3 nanocrystal composite could be selected as a good host for lanthanide ions [28, 29] .
In this article, the upconversion luminescence of Yb 3+ /Tm 3+ /Ho 3+ tri-doped LiNbO 3 nanocomposites in both thermal and electric fields was investigated. LiNbO 3 nanocrystals incorporated into the glass matrix were used as the functional groups. The coupling between the ferroelectric oxides and lanthanide ions under the external fields was explored. The enhancement of upconversion luminescence was achieved via the application of the thermal and electric fields. Moreover, the luminescence modulation by thermal and electric fields has excellent reversibility and is nonvolatile. The potential physical mechanism of the tuning of luminescence in both thermal and electric fields was investigated. The repeatability of the luminescence tuning guarantees the practical application of the transparent nanocomposites. The significant and reversible modulation of upconversion luminescence in thermal and electric fields provides a great possibility for the development of storage and non-contact multimode sensing.
EXPERIMENTAL SECTION
The transparent multi-component glass was designed according to the standard glass phase diagram. in the form of the oxide. This particular system was designed to uniformly precipitate ferroelectric crystallites at crystallization temperatures. The raw material powders with 99.99% purity were completely mixed and placed in a corundum crucible. The mixture was placed in a muffle furnace at 1500°C for 40 min to melt into homogeneous liquid. The glass system had a high tendency to devitrify, so the melt-quenching method was employed to avoid crystallization of samples. The melt was poured onto a cold stainless steel mold and then pressed into a~1 mm sheet with another brass plate, which provided a fast cooling rate. After pressing, samples were annealed at 450°C for 180 min to remove stress. The annealed samples were subjected to two steps, preliminary nucleation at 580°C for 120 min, and grain growth at 670°C. The samples were divided into 6 mm×6 mm small squares and placed in a muffle furnace for heat treatment. The thickness of the sample after heat treatment was polished to 0.25 mm. A low temperature conductive silver paint was used in the ferroelectric test. The samples were placed in a drying cabinet at 100°C for 40 min to cure the silver paint. After the ferroelectric polarization, the conductive silver paint on the surface of the samples was removed.
Then the samples were subjected to optical measurements. Differential scanning calorimetry (DSC) was performed to analyze the glass transition temperature and crystallization temperature of the samples using a differential thermal analysis (DTA 404PC, NETZSCH), with a heating rate of 10 K min −1 . X-ray diffraction (XRD) patterns of the samples were acquired using the advanced X-ray diffractometer (D2 PHASER, Bruker) with Cu-Kα radiation. Absorption spectra were measured by a UV-vis-NIR spectrophotometer (UV3600, Shimadzu Corporation), with a resolution of 1 nm. The KAP-02 heating platform was employed for the variable temperature spectrum. Raman spectra were recorded with a 532 nm laser device (inVia, Renishaw). The hysteresis loops were recorded using a ferroelectric test system (Radiant Precision Premier II Technology). In order to avoid leakage, the polarization-electric (P-E) field loops were measured at a frequency of 10 kHz in a silicone oil bath. The luminescence spectra were recorded by the fluorescence spectrometer (Fluorolog Fl-3-211, Jobin Yvon) and the excitation source was 980 nm laser diode (LD). The microstructure in the composite was recorded by transmission electron microscope (TEM, FEI Tecnai G2 F20 S-WTINE).
RESULTS AND DISCUSSION
Referring to the DSC results of the precursor sample ( Fig. 1a ), a two-step heat treatment process was employed. First, a preheat treatment at 590°C for 120 min was performed to form crystal nucleus in the sample. Subsequent heat treatment at 680°C for i min caused the nucleus to grow, and the samples were labelled as LG-i (i=0, 60, 120, 180, 240, 300 and 600). Fig. 1b-d show the structural measurement of the LG samples. Fig. 1b shows the XRD patterns of the samples LG-0 and LG-180. The XRD peak of LG-0 is in the shape of a taro, which indicates that LG-0 is amorphous. The diffraction pattern of LG-180 consists of sharp peaks and the peak positions are in line with those of the standard card (PDF#20-0631) of the LiNbO 3 pure phase. The size of the crystal grains calculated using the Scherrer's equation is about 6.65 nm. Fig. 1c shows the (012) plane of the LiNbO 3 nanocrystal structure. The position of the peak gradually shifts to the left, and the LG-600 shifts to the left by 0.125°compared to LG-0. Referring to the Bragg equation, Fig. 1c reveals that the lattice constant is gradually increasing, suggesting that ions with larger radii have entered the lattice of LiNbO 3 and/or located in the interstitial sites. Prolonging the heat treatment facilitates the doping of ions into the LiNbO 3 lattice. The ionic radii of Yb 3+ , Tm 3+ , and Ho It is well known that the upconversion luminescence of the lanthanide ions can be modified by a thermal field.
The competition between the thermal population and quenching will determine the change trend of the luminescence at an elevated temperature. Thermal quenching of lanthanide ions will happen at high temperatures, that is, the probability of multi-phonon assisted non-radiative relaxation increases with temperature. Here, an interesting material with anti-thermal quenching property is observed. Fig. 3 shows the upconversion spectra of the LG-180 sample under 980 nm excitation. As shown in Fig. 3a Fig. 3c and d . The intensities of the main blue emission around 477 nm and the near-infrared band around 796 nm gradually increase as the temperature increases from 293 to 573 K. The emission band around 689 nm from Tm 3+ : 3 F 2,3 -3 H 6 transition is considerably weak at 293 K and the luminescent intensity is exceeding the green emission band around 547 nm at 573 K. The intensities of the green and red emission bands around 547 and 666 nm firstly increase and then slightly decrease as the temperature increases. A good linear relationship is observed between the upcoversion emission intensity from Tm As the temperature increases, there is no significant shift in the maximum phonon energy of the Raman peak from represents the maximum phonon density of state of the sample. Therefore, the decrease in phonon density can reduce the probability of a non-radiative transition. According to the Raman spectra, around maximum phonon energy position of (612 cm −1 ) the ratio of the integrated area of the vibration peak to the total area is calculated to be 0.212, 0.163 and 0.135 at 323, 423 and 523 K, respectively. The maximum phonon energy density of the sample is the smallest at 523 K, and the corresponding thermal quenching requires the largest activation energy. Therefore, the multi-phonon relaxation rates are reduced, and the probability of radiation transition is improved and conducive to the emergence of anti-thermal quenching.
Figure 4 (a) Upconversion emission intensity of
A schematic illustration of the upconversion luminescence of the LG-180 sample excited by 980 nm LD is presented in Fig. 5a . When the non-radiative transition is not negligible, the upconversion emission intensity (I f ) can be expressed as: During the heating process, the electron transitions between the thermal couplings levels increase based on heat pumping. The competition between the thermal population and the non-radiative transitions plays a crucial role in the upconversion emission process at high temperatures [32, 33] . Hence the thermal population leads to an anti-thermal quenching phenomenon. To reflect the real-time color of upconversion luminescence at elevated temperatures, the luminescence intensity of the LG-180 sample was calculated and marked in the color coordinates, as shown in Fig. 5b The inclusion of LiNbO 3 nanocrystals in a glass matrix improves the electrical resistance and leads to well transparent samples. The ferroelectric crystallites can be polarized in the electric field, and the ligand field of the luminescent ions will be modified subsequently [34, 35] . The samples loaded under an electric field of j kV cm −1 were respectively labeled as E-j (j=0, 40, 80, 120 and 160). The measured results of the luminescent and ferroelectric properties of the nanocrystal composite are shown in Fig. 6. Fig. 6a shows the P-E loops of the samples. The remnant polarization of the samples is continuously increasing with the remnant polarization of the sample loaded at 160 kV cm −1 being 4.1 times larger than that of the sample loaded at 40 kV cm −1 . The pulsed electric field is applied to the sample, and then the cations are shifted at a picoscale along the c-axis driven by the electric field. This polarization originates from the lattice perturbations in the sample. Fig. 6b and c present the upconversion luminescence of E-j. The enhancement factor of Ho transition is up to 2.5, 3.9 and 2, respectively. Fig. 6d shows that the luminescence intensity has a nearly linear relationship with the electric field. The symmetry of the ligand field becomes lower with an increased electric field. The luminescence of the lanthanide ions is sensitive to the symmetry of the crystal field, so external stimulus causes an effective enhancement of the luminescence. Multiple luminescence centered peaks provide an iterative test for the detection of the electric field.
To explain the potential physical mechanism of the electrical emission modulation, the structure change of the lanthanide ions doped ferroelectric nanocomposites in the electric field has been studied. Fig. 7 shows the structural changes in the E-j samples. As shown in Fig. 7a , the remnant polarization and the pulsed electric field have good consistency. The remnant polarization increases as the electric field loaded on the samples is increased. The (012) peak in the diffraction pattern of the E-j samples is shown in Fig. 7b . The XRD peak shifts to a larger angle. Considering the Bragg equation, the varying degree of contraction in the crystal lattice is caused by polarization, which is the aggravation of the ligand field around the lanthanide ions. Compared to E-0, the E-160 sample shows a right shift by 0.17°of its (012) plane. The (012) peak of P-0 and P-200 is at 23.82°and 23.99°, respectively. The interplanar spacing of E-0 and E-160 in LiNbO 3 is 3.735 and 3.708 Å, respectively. The interplanar (012) spacing is reduced by 0.027 Å with a loading of 200 kV cm −1 . This result confirms the crystal structure changes. The active ions undergo displacement at picoscale from the original position, resulting in an attenuation of the symmetry of the crystal field around lanthanide ions. The cation and anion have ascending shift distances in the deformed octahedron, then the remnant polarization is more noticeable with the elevated electric field. In the E-j samples, the length of the original Li/Nb-O bond is transformed, and the bond lengths of Li-O and Nb-O are both at nanoscale, so the lattice deformation of the ferroelectric crystallite is also performed sub-nanoscale [36] . Another explanation for the rightshift of the peak position might be the lattice shrinking induced by the alignment of nano-domains and the formation of ordered ferroelectric domains after the loading of the electric field, which effectively changes the symmetry of the crystal field around the lanthanide ions. The modification of the luminescence intensity causes the lattice distortion. Fig. 7c shows that the mechanism of the luminescence is modulated via the ferroelectric polarization. The ferroelectric nanocrystal lattice changes under the electric field, and then modifies the crystal field. The possible mechanism of regulating the upconversion luminescence intensity is the reduction in non-radiation loss, which is the result of the decreasing of phonon energy generated by the nanoscale motion of the active ions. Fig. 7d shows the Raman spectra of the E-j samples. The broad Raman mode near 750 cm −1 shifts to a smaller wavenumber with the enhancement of the electric field. This means the reduction of the maximum phonon energy of the entire system. The phonon density of the E-j samples becomes lower. When the E-j samples are excited It is more possible to generate radiation relaxation. Therefore, the electric field effectively promotes the upconversion luminescence. For comparison, the upconversion emission spectra of the Yb 3+ /Er 3+ co-doped ferroelectric nanocrystalline composite have been collected at various temperatures and electric fields. Fig. 8a shows the temperature dependent upconversion emission spectra of the Yb 3+ /Er 3+ codoped nanocomposite. As the temperature increases from 293 to 573 K, there is no significant change in the central position of the luminescence peak, while the emission intensity of the Yb 3+ /Er 3+ luminescence is extremely fluctuated under excitation of 980 nm. The intensity of the luminescence peak at 530 nm is firstly increased at a slight rate, and then the intensity of emission decreases at a large rate. The relative intensity of the luminescence central peak at 554 nm continues to decrease, due to the thermal quenching. Different to the Yb 3+ /Tm 3+ /Ho 3+ tridoped sample, the Yb 3+ /Er 3+ co-doped system exhibits an enhanced multi-phonon relaxation rate and more prominent thermal quenching effect. The competition between the thermal population and the non-radiative transitions at high temperature is different in the different systems, due to the different energy levels and energy transfer processes [32, 33] . Fig. 8b The reversible and nonvolatile properties are critical to optoelectronic materials in many practical applications [37, 38] . The reversibility and nonvolatility of the samples are shown in Fig. 9 . Fig. 9a and b provide the nonvolatility testing of the samples under positive and negative electric fields. Fig. 9c illustrates the luminescence intensity of the peaks at 689 and 796 nm during temperature change. It can be clearly seen that the LG-180 material exhibits good repeatability in temperature measurement between 293 and 573 K. During the temperature sensing process, the samples provide dual detection for temperature determination according to the evolution of the peak intensity at 689 and 796 nm. As shown in Fig. 9d , the nanocomposite was loaded with a positive voltage of 80 kV cm −1 , and the reverse voltage of −40 kV cm −1 was reloaded afterwards. The luminescence intensity of the lanthanide ions alternates corresponds to the electric field intensity. Polarized luminescences at 547, 666, and 796 nm under electric field show excellent nonvolatility. The repeatability indicates that the structural changes inside the ferroelectric crystallites are reversible. Based on the above experiments, nanocrystalline composite has potential applications in the dual sensing of both thermal and electric fields.
CONCLUSIONS
This article reports that the upconversion luminescence properties of the Yb 3+ /Tm 3+ /Ho 3+ tri-doped ferroelectric nanocomposites can be significantly enhanced by both thermal and electric fields. The results show that the reduced phonon density and thermal population play an important role in the upconversion luminescence process at elevated temperatures. The prepared sample with zero thermal quenching can be applied at high temperature.
On the other hand, the electric field induced the enhanced transition of Ho 3+ : 
